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A B S T R A C T

Stress and temperature change tests are described to determine upper and lower
bounds of the rates of steady state creep for three domal salts. Results obtained
are compared with published data for salt from the same sites and with two larger
data sets for a bedded salt. The various data sets a.re then correlated in activation
analyses a.nd fitted by models for power-law creep, cross-slip, and dis!ocation glide
to show that a cross-slip model yields t,he best and mechanistically most credible
fit. This suggestion is consistent with limited substructure observations for one
sample. No satisfactory fit was obtained for a two-mechanism model for disloca-
tion climb and cross-slip. Results described include stress drop measurements
that demonstrate slow recovery. It remains to be proved if recovery of rock salt
at low temperature will be complete, and if so, after how much strain.Although
all creep data are described most satisfactorily in terms of cross-slip, power-law
models continue to be good empirical approximations. Therefore, the further use
of power-law creep equations to describe the steady state creep of rock salt in
SPR design calculations is deemed justified.
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1 Introduction and Purpose

This report treats extensions of earlier creep measurements on rock salt to support
constitutive modeling and finite element calculations used in designing storage caverns
for the US Strategic Petroleum Reserve (SPR). The work presented was carried out to
meet five practical objectives. (1) Verify that the stress exponent, n, in the steady state
creep model for rock salt from West Hackberry is the same as that of bedded salt from
the Salado formation, whose response was studied in much greater detail [l-3]. Identical
n-values were implied by the agreement between estimates of steady state creep rates
for the two salt types. However, this point was never proved because previous tests on
West Hackberry core were limited to one stress, r = 2900 psi. (2) Assure that the creep
properties of West Hackberry salt from drillhole SC, tested previously, are representative
of samples from other drillholes. (3) Substantiate previous suggestions that rock salt from
the Bryan Mound dome creeps much less than do other salt types for which measurements
are available [4], such as domal salt from West Hackberry, Avery Island or Asse [5-81,
and bedded salt from the Salado formation or from Lyons, Kansas [1,2,9].  (4) Extend the
creep data base of the SPR project to include rock salt from Bayou Choctaw, Louisiana,
and determine the steady state creep parameters to be used in analyses of Bayou Choctaw
caverns. (5) Evaluate the recovery cha.racteristics  of rock salt after decreases in stress.
This task appeared necessary to test whether creep transients can be neglected under
all loading conditions, as is done in current design analyses, because the governing time
constant of transient creep is assumed as less t,han 7 days throughout. To date, transients
have been suggested to be short-lived only following stress increases [2,10].

The approach to testing and interpreting previous salt creep data for the SPR relied
heavily on recent experience in the characterization of natural rock salt from the Salado
formation and from the Asse anticline in the Federal Republic of Germany [7,11,12].
Both sites are being considered for radioactive waste isolation. The conditions of stress
and temperature under these projects include the service range of salt surrounding the
SPR caverns. Two observations made under the radioactive waste programs were used.
First, it was assumed that the total creep of salt, 7, is the sum of transient and steady
state creep [1,2],

7 = 7t + +, * t.

It was further stipulated that transient creep can be described by an exponential
function of time [2]

7t = ra(l - evet). (2)

Given these expressions it appeared possible to obtain good estimates of the rates
of steady state creep from nonlinear least-squares fits of Eqs (1) and (2) to experimental
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data [ll]. This method was deemed reliable even if relatively short tests (t 5 250 hr)
were used where the total creep is dominated by transients and where creep often had
not clearly reached steady state.

Second, after the interpretation of Salado and Asse salt data, it was also assumed
that steady state creep is described well by a “power-law” of the form

+,,  = C ezp(-Q/M’)  (i,’

where p is an average shear modulus, and R is the universal gas constant [1,13].  In this
study, the shear stress r denotes the maximum difference in principal stresses (~1 - 6s).
Therefore, r equals the deviatoric stress under the axisymmetric conditions of triaxial
tests. C and Q are constants. Predetermining an applicable creep law greatly facilitated
the required test program for SPR. Tests could be carried out at the high end of the
stresses of interest where the creep rates were relatively fast (w 10V8 8-l) and the
maximum test times less than 500 hours. Moreover, it was reasonable to assume that the
creep parameters C, Q and n were those of Salado salt, for example, if the steady state
creep rate for West Hackberry salt at any stress and temperature was essentially the same
as the average steady state creep rate of Salado salt under identical conditions.

Based on additional testing and further analysis of old data, some of the observations
of the waste isolation programs proved less certain than they appeared three years ago
when creep measurements for West Hackberry and Bryan Mound salt were first published
and discussed. Estimates of steady state creep rates often turned out to be high and a
function of test duration leading to incorrect values for Q and 91 [8]. The applicability of
power-law creep Eq (3), at low stresses also had to be questioned.

Because of these developments, the work of this report extends beyond addressing
the five engineering objectives discussed at the outset. The report also presents some new
approaches to determining rates of steady state creep. Finally, it deals with the likely
accuracy of the power-law creep model, coupled with some alternate interpretations of
the data using new creep measurements for Bryan Mound salt and related results for
Salado salt. The evaluation of all creep models is supported by activation analyses and
by some, although limited observations of substructures.

2 Mater ia l  Descr ipt ion

The salt tested came from planned cavern sites in the domes of West Hackberry
and Bayou Choctaw in Louisiana, and from the Bryan Mound dome in Texas. Detailed
site descriptions are given in three comprehensive site-characterization reports [1416].
Textural, mineralogical, and chemical characterizations are based on (1) mesoscopic core
inspections, (2) examinations of thick and thin sections, (3) compositional analyses by
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means of dissolutioning and x-ray diffraction, and (4) trace-element studies using atomic
absorption and microprobe analyses [ 17-201.

West Hackberry (WH) samples for creep tests were prepared from core from two
drillholes: 6C at the depth of 2220-2241 ft, and 108 at the depths 2267 and 3652 ft.
The two drillholes are located approximately 3500 f-t apart, some 1000 ft from the north
and south edges of the dome, on the 2000-A contour line. In what follows, both drillhole
number and depth are used as sample identifiers together with the site abbreviation in
the form WH 108-2267,  for example.

Specimens from drillhole WH 6C were light to medium-gray and contained bands
dark gray, approximately 2 in. wide. The bands contained distinct inclusions to finely
distributed impurities. Chemical tests identified all impurities as anhydrite. Medium-to-
coarse grains had the greatest dimensions between 0.25 in. and 1.2 in. and were mostly
elongated with aspect ratios between 1.5 and 3.5. Impure band and grain orientations were
approximately 15’ from the core axis. Half of the core 108-2267  consisted of extremely
coarse, euhedral grains next to medium-gray material of medium grain size. The salt
with medium grain size appeared to contain uniformily distributed, fine second phases.
The dividing line between the two materials was nearly parallel to the core axisThe  core
108-3652  was entirely coarse-grained with individual grain sizes to 2 in.

Bryan Mound Salt samples came from drillholes 107C at depths of 2506 to 2517 ft;
108B at a depth of 3324 ft; and from 113 at a depth of 4225 ft. Earlier creep experiments
were carried out on core from drillhole 107A. Drillholes 107A,C and 108B are near the
center of the Bryan Mound cavern array near the center of the dome. Drillhole 113 is in
the southeast corner of the cavern field approximately 1500 ft away from the edge of the
dome, at the 1500-f% contour line.

Samples from drillhole 107C were white to medium-gray. The darker color was again
due to veins of a hard second phase or bands of halite with finely disseminated impurities.
The bands were 0.2 to 1 in. wide, 0.23 to 0.4 in. apart, and nearly parallel to the core
axes. Samples from 107C had a nonuniform grain size ranging from 0.08 in. to 1 in.
Large subhedral grains were common, particularly away from the impure halite bands.
Medium-to-fine grain sizes were more typical for material between the bands. The sample
108B3324  of this study had a more uniform medium-to-coarse grain size and contained
only two very thin (<0.08 in.) impurity bands. In general, impurity bands in core from
108B were spaced farther apart than in 107C.  None of the core tested from Bryan Mound
showed any grain elongation or preferred grain orientation.

Only one Bayou Choctaw sample, 19A-2577,  was tested for creep. The sample came
from drillhole 19A 700 ft from the southern edge of the dome. The sample was medium-
grained, with a few large subhedral grains up to .75 in. It was free of the “banding”
common in both West Hackberry and Bryan Mound salt. The sample was light to medium

gray*

All of the salt studied was relatively pure halite. Anhydrite, the only bulk impurity
identified, occurred in distinct euhedral grains with grain sizes ranging from tens to
hundreds of microns (-- 0.004 to 0.020 in.). Anhydrite crystals were spread uniformily
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through halite grains, not concentrated at grain boundaries. Dark veins in some samples
above were zones of concentrated anhydrite. Total anhydrite contents in the salt from
the three domes varied between 0.5% and 11.4%. However, analyses of end pieces of the
samples that were actually tested in creep indicate that the greatest anhydrite content
relevant here was 7% for WHlO&3652.5.  Other core, excluding BM 113, appeared to
contain no more than 4.2% anhydrite. No brine inclusions were seen, but Bryan Mound
core from drillholes 107A,C  appeared to contain traces of sylvite [17,18).

Atomic absorption and microprobe data [18,19] were consistent with all earlier com-
positional measurements [17]. Concentrations were determined for Ca, Mg, and K. Ca
was present in amounts on the order of parts per thousand throughout. K was present
in concentrations up to 52 ppm in West Hackberry and Bayou Choctaw salt, and in
concentrations between 350 and 780 ppm in salt from Bryan Mound. Mg was generally
absent within the sensitivity of the measurements. Microprobe studies of regions of pure
halite were unsuccessful in that concentrations of trace elements fell below the detection
limit of approximately 1000 ppm. Therefore, it is impossible to say whether any calcium
or potassium existed in solid solution within the sodium-chloride lattice, or whether they
were mineral bound, e.g. in anhydrite and sylvite.

3  Exper iments

Tests were conducted in several large-sample, triaxial creep apparatus for use to
10,000 psi and 25OOC. A schematic of the equipment is shown in Figure 1. The important
design features and capabilities are (1) it accommodates specimens up to 4 in. in diameter
and 8.25 in. in length, (2) it permits separate hydrostatic and deviatoric loading, and
(3) it permits compression as well as extension experiments. In addition, (4) samples
can be vented at both ends, (5) both axial and radial strains can be measured, and (6)
temperature is monitored simultaneously at four locations [lo].

Load on the deviatoric loading piston (Figure 1) is regulated with 5-gal accumulators
or by means of an electrohydraulic control system. Confining pressure is applied by means
of a screw-driven hydraulic actuator. In a leak-tight system, this actuator is also used as
a dilatometer [ 11.

Force and confining pressure are measured externally by means of standard strain-
gage-type transducers. Axial deformation is also measured externally by using two diam-
etrically opposed Linear Variable Differential Transformers (LVDTs).  Radial deformation
is determined either dilatometrically or by means of one or two clip-on transducers.
Finally, temperature is monitored simultaneously at four locations: in the wall of the
pressure vessel (Figure l), above the zone heater in the loading ram (Figure l), and along
the specimen axis x0.75 in. away from each sample end.

Sample preparation, the experiments themselves, the accuracy of measurements,
and subsequent data reductions are described in detail elsewhere [12]. However, it is
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reiterated that creep tests were carried out under approximately constant stress. This
is accomplished by means of frequent updates of the force that is transmitted by the
loading piston (Figure 1). Load adjustments are calculated from measured changes in
specimen diameter with time or, most often, by postulating that the sample volume
remains constant. The latter implies that the deformed cross-sectional area of a specimen
in triaxial compression is

A n x [2 ezp(%) - l]& w -& In(1 - y) (4

where Ae equals the cross-sectional area of the sample at the beginning of the test stage.
The quantities el, &, and AL denote the greatest (axial) natural compressive strain, the
sample length at the beginning of a test stage, and the change in sample length during
the same test stage. Eq (2) is approximately valid because primary and secondary creep
of salt are rarely associated with volume increases exceeding 2% or 3% [lo].

Note that changes in stress or temperature, either during initial loading or between
tests stages for individual samples, are made as rapidly as possible. This means that stress
changes t,ake between 2 and 12 seconds, depending on the magnitude of the stress change.
In turn, temperature changes take approximately 1 hour per 2OOC.  Thus, stress changes
are almost Ynstantaneousn, at least for small stress changes. Temperature changes, on
the other hand, are inevitably slow because of the large thermal mass of a large specimen
and massive surrounding hardware.

4 Measurements of Steady State Creep

Figures 2a and 2b show typical creep curves that are obtained depending on whether
the creep stress 7 is reached from a lower stress 7 -AT or from a higher stress 7 = 7 + AT.
In both cases, rates of steady state creep, i.e., constant creep rates, are preceded by
transients because of work hardening or recovery [21]. It is relatively easy to determine
when these processes are balanced at high strain rates (2 10e8 s-l), either from direct
visual inspection of the strain-time records or using numerical data fits, semilogarith-
mic plots of strain rate versus strain, or double-logarithmic plots of strain versus time
[10,12,22].  However, all these methods become ambiguous and unreliable at strain rates
less than, approximately 10e8 s--I. Contrary to earlier indications, this difficulty is not
alleviated by numerical fitting procedures, as indicated in Figure 3. Here, the fitted steady
state creep rates were a function of test duration (231. When this correlation was first
discovered, it was disturbing that the trend of the data did not suggest any asymptotic
value. Thus, the possibility arose that all steady state creep rates, and the steady state
creep models that were determined from these data, were grossly in error.

Three procedures were evaluated to improve the reliability of measurements of steady
state creep. Because Figure 3 suggested that transient creep may last much longer than
first thought, all three approaches are aimed not so much at determining exact values of
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the true rates of steady state creep as at establishing upper and lower bounds. This is
done by inspecting transients after changes in stress or temperature, and by comparing
maximum and minimum strain rates after such changes are implemented at various
strains. Two of the methods entail stress changes, either increases in stress or stress
drops. The third approach employs changes in temperature. All three techniques rely
on the association of steady state creep with a constant substructure and the fact that
creep transients are caused by and indicative of changes in substructure. If creep is climb-
controlled, for example, the principal substructural features are the size of subgrains, the
free dislocation densities, and the dislocation densities in the subgrain walls.

The types of transients that have been observed for salt are the same as those shown
schematically in Figure 2. If the stress is increased (Figure 2a), normal transients are
produced that are characterized by creep deceleration caused by hardening. If the stress
is decreased, the result is either a normal transient or a complex transient (but ultimately
inverse transient), depending on the substructure of the salt prior to unloading and on
the magnitude of the stress drop (Figure 2b) [8,21,2426].  Note that inverse transients
are defined as creep records with increasing creep rates as a function of time or strain
regardless of the sign and value of the creep rate immediately and shortly after the
stress was lowered. The acceleration that is associated with inverse transients of the type
discussed here is caused by recovery of the substructure, i.e., softening and adjustment
to the stable, steady state structure at the lower stress [21,22,24-261.  Within the context
of this paper, inverse transients caused by tertiary creep are excluded.

The important observations from Figure 2 are that hardening and creep deceler-
ation occur if the initial creep rate is still higher than the rate of steady state creep.
In turn, recovery with attendant creep acceleration occurs if the creep rate lies below
the rate of steady state creep for the prevailing stress. Clearly, if the creep rate at any
stress is approached both from a softer and from a harder state, then the observed creep
rates would constitute upper and lower bounds of the true rates of steady state creep.
It remains only to ensure that the two bounds are not unacceptably far apart. This is
done by allowing sufficient strain to accrue before the first stress excursion, by limiting
the magnitude of the stress changes, and by repeating the stress excursions, if necessary.
Figure 4 shows an example of a typical stress change experiment. First, several percent
of strain were allowed to accumulate to obtain a reasonable upper bound, e,,, of the true
steady state creep rate at 7 = 2410 psi and T = 100.2”C.  The creep stress was then
increased to 7 + A7 = 2602 psi ( an increase of only 8%) with little additional strain.
This procedure limited the danger of activating another mechanism and of producing
excessive hardening at the higher stress. Finally, to obtain the desired lower bound of the
rate of steady state creep at T, the stress change Ar was reversed after approximately
six hours. In this particular test, & was obtained after only one pair of stress changes
because the transient upon unloading back to 7 was an inverse transient. If the transient
had been normal, one or more additional stress changes would have been required until
alteration of the character of the unloading transient.

The description of characteristic transients for salt implied that temperature changes
have the same effect as stress. This proved true at temperatures up to 120°C as indicated
by the distinct transients in Figure 5. Above 120°C transients became less developed at
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higher temperatures until no transients were discerned at 16O’C. Thus, experiments at
low temperatures of T 5 120°C at least, could be used directly, much like stress change
experiments, to establish upper and lower bounds of the true rate of steady state creep of
rock salt. This was particularly true if relatively small temperature changes were effected
to minimize chances of crossing any sharp boundaries between deformation mechanisms.
All SPR test’s fall into the low-temperature range of creep.

The initial presence of transients with changes in temperature was unexpected. Based
on the common notion that the creep of sodium chloride is diffusion-controlled even
at ambient temperature (T = 0.32’,;  Tm = absolute melting temperature) [1,5,7,27],
the substructure of salt was thought to be independent of temperature. Therefore, no
transients, (i.e., no microstructural changes) should result with changes in temperature
once steady state creep is established [28]. Given this reasoning, temperature change tests
were originally viewed primarily as a means of (1) accelerating substructural adjustments
towards steady state by going to higher temperatures, and (2) evaluating whether steady
state conditions were attained upon return to the lower temperatures of interest. This was
to be achieved as follows. If creep was faster than at steady state at some temperature
T, then a temperature increase, AT, should have resulted in a readily identifiable normal
transient with creep deceleration toward the proper rate of steady state creep. After
lowering the temperature back to the starting temperature T, the creep rate should have
been constant if the true rate of steady state creep was reached at T + AT. If further
creep deceleration was noticed at T, the temperature excursion from T to T + AT and
back to T could have been repeated. Alternatively, because it is difficult to demonstrate
the lack of any transient over noise at low strain rates, the minimum creep rate at T after
the first temperature cycle through T + AT could have been accepted as an improved
upper bound of the steady state creep rate.

The third approach to determining rates of steady state creep is demonstrated in
Figure 6, in combination with more temperature change tests. Here only stress decreases
were used to avoid substructural changes that might result with increases in stress. In this
case, we attempted to identify the development of steady state creep by determining when
transients following stress drops no longer changed with straining at the reference stress.
Although promising in principle, this idea proved less workable because it mandated
exceptionally accurate stress control under all conditions, and resolution of strain rates
down to at least lo-‘OS- l. The method is still used in ((stress dip” experiments to estimate
the magnitude of “back stresses” 121,261,  but it was abandoned for the evaluation of
steady state creep in favor of temperature change tests.

5  T e s t  M a t r i c e s

The test matrices for salt samples from West Hackberry, Bryan Mound, and Bayou
Choctaw are listed in Appendix A, Tables Al-A3 in terms of nominal stress (f25 psi),
nominal temperature (*.2’C), and sample source. All experiments were conducted in tri-
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axial compression. Previous comparisons demonstrated that the measurements in triaxial
compression, which are easiest, also apply to triaxial extension [3].

Note that) shear stress is defined as the maximum difference in principal stresses.
The range of shear stresses 7 = (al -  varied between 1830 and 3270 psi. However,
measurements of steady state creep were restricted to stresses above approximately 2000
psi. The stress of 1830 psi iti Bayou Choctaw tests was chosen only to monitor recovery as
a function of accumulated creep strain at 2000 psi. Temperature was varied between 22OC
and 80°C. The test temperature of 60°C was preferred because it corresponds to the in
sitv rock temperature at most cavern sites. Tests on Bryan Mound sample BM108B-3324
were carried out at a confining pressure of 500 and 3000 psi. The confining pressure was
2000 psi in all other tests.

6  R e s u l t s

The exact parameters and the results of 54 tests on eight samples are summarized
in Appendix B, Tables Bl-B9.  The tables include the test durations and the magnitudes. .
of the greatest (axial) compressive strains, el. The creep rates elb,  el, are best estimates
of the creep rates at the beginning and at the end of each test. They are either secant
slopes or slopes of linear least-squares fits to subsets of the measurements as defined in
Appendix B. The values for el, are the upper and lower bounds of steady state creep that
were discussed in the previous section. Note that the shear strain rates, t, that are used
in constitutive models, are z :I$, neglecting comparatively small volumetric strains, e
($ 5 0.1) [3,4,10,11].

The complete creep curves from which the average stresses, strains, and strain rates
are taken in the tables of Appendix B are included as Appendix C. The records for
West Hackberry sample (WH) 108-3657.5 and for Bryan Mound samples (BM) 107C-2516
and 108B-3324  are relatively rough because they were taken before major improvements
were completed in the methods used to control both the confining pressure and the ram
load (Figure 1). Figure 6, which was presented earlier, is a section of Figure C9. Note
the enlargement of Figure C2a in Figure C2b to demonstrate the recovery transients
following stress decreases. Fig. C2a also shows two vertical bars towards the end of test
stage 1. They define the bounds of the interval for determining &, by means of a linear
least-squares fit (last column in all tables in Appendix B).

Results of earlier creep measurements on salt from West Hackberry and Bryan Mound
are reproduced in Appendix D [3,4]. T hese results were used in several fits combined with
the new data of Appendix B.

Some general comments concerning the appendices are included in the title pages for
each group. For example, the title page for Appendix B describes exactly how the strain
rates f&b and &, were determined.
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6.1 Analysis of Steady State Creep

6.1.1 Power-Law Model

Several investigations have demonstrated the agreement between power-law creep
models, Eq (3), and estimates of steady state creep for rock salt from at least five
different sites, including domal and bedded-salt formations. Therefore, power-law creep
was also assumed to hold in earlier work on salt from West Hackberry and Bryan
Mound, and sparse data were interpreted accordingly. The extra data in Tables B3-B5
permit a more thorough evaluation of the relevant parameters. A nonlinear least-squares-
fitting procedure together with a shear modulus ~1 = 1.8 X 10’ psi and R = 1.986
(Cal/mole  degree) [29] was used t,o obtain power-law stress exponents n, effective activation
energies Q and structure (preexponential) factors C for the following groups of data. (1)
Estimates of steady state creep following stress increases, (2) estimates of steady state
creep including and excluding earlier measurements into the fits, and (3) estimates of
steady state creep or, more accurately, creep rates after stress drops. The results obtained
are listed in Table 1 together with the standard errors, SE, of the logarithm of all fits.
Note that separate fitting parameters were determined for the creep measurements on salt
from drillhole BM113 because this salt exhibited behavior distinctly different from that of
other salt from the same site. Table 1 includes fits to two larger data sets for Salado salt.
The set WIPP4C was used extensively as a reference for earlier creep measurements in
support of SPR. The set WIPP7 is a new and smaller but improved set of measurements
of steady state creep that were determined in stress and temperature-change tests.

Note that the fitting parameters above for the data sets BM3C, BMllC,  and WIPP7
in Table 1 (data group 1 above) are based on upper and lower bound rates of steady
state creep. If only upper bound values were available, then only the smallest values were
included for each test stage and sample. In turn, the data sets WH4 and WH5 in Table
1 (data group 3 above) are believed to be only lower bounds of the rates of steady state
creep associated with inverse transients after stress decreases. Beyond this selection of
data, the 22OC  measurements for Bryan Mound salt were excluded throughout because
the creep rates at that temperature appeared to lie well below steady state values. This
was indicated by insufficient transient creep compared to much larger transients in other
tests; for example, QDllAN  (Table Bl), QF37N (Table B8),  and especially QG4N (Table
B9). The rejection of the 22°C data is also supported by the plot of the logarithm of
temperature-compensat,ed  creep rate, ’ &, ezp(  Q/RT), versus the logarithm of stress in
Figure 7 using the Bryan Mound data of Appendix B. The questionable points enclosed
in a circle fall outside the range of all other measurements.

Note that all underlined values in Table 1 were prescribed and held constant. This was
done, for example, to obtain power-law stress exponents if the effective activation energy
in Eq (3) was set equal to the activation energy of core-diffusion for Cl-, which should
be the slowest moving species during climb-controlled creep [30].  Similarly, n and = Q
were constrained to 4.9 and 12.0 kcal/mole  to evaluate the significance of the differences
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in fitting parameters of the present data to the fitting parameters of earlier data sets
for Salado salt and West Hackberry salt. Note also that the standard error decreased
for some of the constrained fits. This fact, which is not obvious, is a consequence of the
small number of measurements in several of the data sets. As a result, the standard error
for some fits to those sets becomes unduly sensitive to the number of degrees of freedom
(number of measurements minus the number of constraints) involved. This sensitivity
indicates that the relative magnitudes of standard errors cannot always be used as a
discriminant for the quality of alternate equations [31].

Figures 8a to 8e show the individual data within each data set that were included
into the fits for West Hackberry, Bryan Mound, Bayou Choctaw and Salado salt. Figure
8e is a superposition of the fits in Figures 8a-d.

6.1.2 Alternate Models

Power-law fits yielded excellent description of creep data over the ranges of stresses
and temperatures that are similar to the conditions of this study [1,5-7,22,27,32,33].  This
observation is clearly supported by small standard errors of fits in Table 1, especially for
West Hackberry data sets WHl and WH2 and for Bryan Mound measurements BM4C
on core BM113-4225. Both of these data sets exhibit relatively little scatter. The good
quality of power law fits coupled with power law-stress exponents around 5 appears
to imply that the creep of salt is diffusion-controlled even at low temperature (T m
0.3T, [1,13,22,24,25,27,28,32,33].  Both good fits and the knowledge of the rate-controlling
deformation mechanism are then used to justify the extrapolation of the power-law fits to
much lower stresses than those of the underlying experiments. Some recent experimental
evidence suggests that this procedure should be followed with caution, mainly because
the mechanistic interpretation of many power-law fits is not definitive. Inexplicably low
effective activation energies,  large activation areas in rigorous activation analyses,
creep transients after temperature changes during or close to steady state creep and

deformation process. Therefore, if power-law fits are only approximations to the true
creep phenomena, it is reasonable to evaluate alternate models. Candidate models for the

[3441]

e1 = Blezp(- %(I33  - In i)),

il = Bl( + ;~~y2e+&33 - Vr(1 -n.)))

where

V = &ezp( $).
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As a further alternative, ~(1 - Be) was replaced by (r( 1 - BB))~“.  As before, p is the
shear modulus, T is temperature, and r = (~1 - 0s) is the shear stress. & in Eq (5) and
Ba in Eq (6) are activation energies. In contrast, Bs = In($) in Eq (5). 70 and /LO are the
flow stress and the shear modulus at absolute zero. V denotes an activation volume.

Note that the constants & and Bs in Eqs (5) and (6) do not have the same physical
significance. The equal designation of these two constants merely facilitated the tabulation
of fitting parameters.

Equation (5) is a model for cross-slip [34,35,41],  and Bz represents the activation
energy for cross-slip, QCS. Equation (6) is the general model for glide, dislocation inter-
section, and climb in the presence of back stresses. If B4 = & = Bs = 0, Eq (6) reduces
to the modified power law for which & represents an internal back stress [21,26,42].  A
back stress was introduced into the conventional power law when large stress exponents,
n = Ba > 5 were observed [42]. It was found that the stress exponents could be reduced to
between 3 and 4 if the back stress was allowed to decrease with increasing applied stress.
More recent data for aluminum, stainless steel, and rock salt indicate that the backstress
is instead directly proportional to the applied stress [4t3-45]. & = Bs = B7 = 0 in Eq (6)
corresponds to the most common dislocation glide model. Other combinations of fitting
parameters yield alternate glide and intersection models. The form of the temperature
dependence of the activation volume, V, was suggested by data for magnesium [46]. If the
temperature dependence of the activation volume V is offset by the multiplier f, then
Eq (6) reduces to the empirical stress dependency ezp(aT)  used by Heard for artificial
polycrystalline halite [39].

The applicability of the models, Eqs (5) and (6) was evaluated in two ways. First,
several parameter combinations and standard errors were determined again by means of
nonlinear least-squares fitting. To make this fitting procedure more meaningful, it was
also applied to two larger data sets for rock salt from the Salado formation. Selected
results of the various fitting processes are summarized in Table 2. Abnormalities in the
quality of some fits appear to be indicated again when the standard error for Eq (6)
increases with an increase in fitting parameters. As mentioned in the previous section, this
problem relates to the strong influence of the number of degrees of freedom of particular
fits when the number of measurements involved is small. Therefore, the standard error
becomes dominated by the variance of these fits about the regression compared to the
variance due to the regression [31]. In these cases, comparably large standard errors do
not necessarily indicate the inappropriateness of a more complex fitting function.

The exponential forms of Eqs (3) and (5) imply linear relationships between the
quantities In ii, In r and In e 1, l/T. This means that the creep parameters Q, n, and QCS
are related according to

n=&CS
R T

70 7
Q = Qcs(ln  - - In -).

PO P
(7)
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It also means that diffusional creep and cross-slip might be distinguished by determining
whether the power-law stress exponent, n, and the effective activation energy, Q, are
really constant, or whether they are a function of temperature and stress, respectively.
This possibility was indicated earlier by data correlations for Salado salt, file WIPP7 in
Table 2. To verify this observation, the second approach to model discrimination here
consisted of careful experiments on Bryan Mound salt BMlH-4225 at two stresses and
temperatures. The results for temperatures of 40°, 60°, and 80°C are plotted in Figure
9 using the best estimates of steady state creep in Table B8. Obviously, the results are
inconclusive. The 80°C estimates of steady state creep er, might be larger than true
steady values, thus yielding a very low power-law stress exponent [47]. The value n =
7.13 also looks unusual although it cannot be dismissed unless the present criteria for the
identificat,ion of steady state creep are abandoned. By these criteria, the creep rate ii, at
7 = 2488 psi is an upper bound estimate of the true rate of steady state creep because
it follows a normal transient. In turn, the values ii, at the stresses 1836 psi and 2844 psi
are upper and lower bound estimates of steady state creep. If they are normalized with
respect to the same temperature, then the latter two estimates are, in fact, identical.

6.2 Activation Analyses

The identification of the governing mechanism of creep is often based on the match
between measurements (or estimates) of steady state creep and a particular model, for
example Eq (3), out of a choice of models such as Eqs (5) and (6). The fits in Table 1
do not guarantee a correct physical interpretation of the data. Therefore, as mentioned
previously, Eq (3) can be taken as credible evidence for dislocation climb only if the fitted
values of the stress exponent and the effective activation energy agree with theoretical
predictions and independent diffusivity measurements. Given the limited data base and
the uncertainty concerning the comparative quality of the fits in Tables 1 and 2, recourse
was also made to activation analyses,

Because salt creep is thermally activated, each creep process, i, obeys the general
rate equation for both transient and steady state creep [36-391

iii = D~(T, el, T)ezp(-AGi/RT). (8)

D; is a “structure term” that depends, among other factors, on the number and arrange-
ment of dislocations and on their vibrational frequency, on grain size and on the type
and distribution of impurities. AGi is the change of the Gibbs free energy of the sys-
tem if a dislocation is moved to the saddle point between adjacent equilibrium positions.
Physically, AGi is a measure of the resistance of particular types of obstacles to disloca-
tion motion. Obstacles can often be identified, noting that the Gibbs free energy is the
sum of the activation enthalpy and an activation entropy term:

AGi = AHi - TAS,. (9)
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Because

AHi = AHoi - Aibre, (10)
Eq (8) can also be written as

AH; - TAS;)
eii = Di(T,  eli, T)w4 RT )

(AHO; - AibTe)
RT 1 (11)

where AHe; denote activation enthalpies at absolute zero. In the notation of Eqs (10)
and (II), the AHoi include mean stress-volume terms. Within the context of this study,
these latter terms are negligible. Ai and b are activation areas and the Burgers vector.
The parameters AHi,  Ai, etc. are characteristic for each process and are called activation
parameters. If it is assumed that one of these processes is rate-controlling under particular
conditions of stress and temperature, then only one set of values ASi, AHi, . . . remains
and the subscript “i” may be dropped.

Note that 7, here is understood to equal the difference between the applied stress, 7
and a long range internal back stress, 76, i.e.,

re = Tejfective = (7 - 76). (12)

?b corresponds to the fitting parameters Bs and & in Eq (6). Ab in Eqs (10) and (11)
corresponds to the activation volume V in Eq (6).

To identify a dominant mechanism requires determining the activation enthalpy,
AH, and the activation area, A. In this study, approximate values for both parameters
were obtained by correlating the pairs of creep rates, (il)z and (el)l, that were measured
right before and after changes in stress and temperature. In both cases it was assumed
that B1 and the back stresses did not change “instantaneously” with the applied stress
and temperature and that the obstacle structure was associated with well-defined saddle
points in the Gibbs free energy profile. Therefore,

6 In f&
In @d.2

A H  =  -R-l, x - R  1 (elijr
q+) -- Tl

(13)
T2

and

A =
RT S In &
------IT

b ST

RT S In & RT
]n Eh

-I -
(e,), ,

=b761nT  TZ b7 In: T’ (14)
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Note that the strain rates, (er)a and (&)I in Eqs (13) and (14) do not need to be steady
state strain rates. Some values for AH and A are listed in Table 3. Values for A are given
in terms of multiples of the square of the Burgers vector, b.

In general, the activation enthalpy AH, Eq (13), differs from the effective activation
energy Q of the power-law model, Eq (3). The value of Q is obtained from individual
data pairs by replacing the creep rates (el)z, (el)r with the corresponding steady state
creep rates, (ils)z,  (elb)l. The difference between the activation area A and the power-law
stress exponent n is more pronounced. The value of A is derived under the assumption of
zero change in structure, i.e., 6LY/Sr = 0. In turn, the validity of the power-law, Eq (3),
assumes that the term Abr is negligible compared to the activation enthalpy AHe (i.e.,
AH m Q), and that the stress exponent n can be determined from the structure term
D’ during stea.dy state creep. Thus

S In I&,
n

= S T-I (15)

With these assumptions, n is usually obtained by means of a single fit to all available
measurements of steady state creep as in Table 1 and Figure 8. In some cases, however,
detailed activation analyses include the determination of n-values from individual pairs
of measurements associated with stress changes from 71 to 72,

This procedure was followed here (Table 3) to isolate possible trends in values resulting
from different combinations of upper and lower bounds of the rates of steady state creep
in the Tables of Appendix B.

6.3 Creep After Stress Drops

Some uncertainty surrounds the creep behavior of rock salt after stress reductions.
Assuming that steady state creep is a function of state, then by definition it should
be independent of stress, temperature, and microstructural histories. This tenet is sub-
stantiated by some (but not all) creep measurements on NaCl, and other materials at
high temperature [22,24-27,39,48-541.  However, even if steady state creep is unique, stress
change tests, constant strain rate experiments and recent microstructural evidence sug-
gest [25,39,51,52]  that transient creep associated with stress reductions may be relatively
large. An example is 3% to 6% for sodium chloride single crystals when the stress is
decreased to half its starting value at 615°C [25]. Such strains correspond to very long
times at strain rates of ~O-‘S-~ or less. As a result, conditions arise when t,ransient  creep
may dominate. This problem was demonstrated by an experiment where the creep of rock
salt was measured at 2920 psi before and after creep at 4440 psi [lo]. Figure 10 shows
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that the creep rate during stage 3 of this test was almost 10 times smaller than at the
end of stage 1. Equally important, any creep recovery during stage 3, if it existed, was
too slow to be resolved during 700 hours.

The problem of creep and recovery after stress reductions was partially addressed
in experiments on rock salt from West Hackberry and Bayou Choctaw and in parallel ex-
ploratory tests on salt from the Salado formation, New Mexico. The first set of multistage
tests compared the creep rates of two West Hackberry samples in stress increment tests
and in stress drop tests at 60°C between 1970 and 3010 psi. The exact stress conditions
and the results of both sets of tests are summarized in Tables Bl and B2. The actual
creep records are shown in Fig. Cl and C2. Since both sets of experiments preceded the
adoption of more systematic temperature change tests to bound steady state creep rates,
several criteria were used to determine the duration of each test stage. For example, stage
1 in test QDl2AN (Table Bl) was run for the same duration as typical earlier tests on
Salado salt that served as references for this SPR study. It was not clear at that time
that the creep rate at the end of that stage might be considerably greater than the true
rate of steady state creep. The duration of stage 1 in Table B2 was predetermined to

8 correspond to approximately 10% strain. Stage 2 in Table B2 was ended because the
creep rate appeared to be constant following the pronounced inverse transient for some
50 hours after the stress drop. Stages 3-5 of Table B2 were terminated because no change
in creep rate was detected , specifically no creep acceleration. Stage 5 in Table B2 was
added to amplify any possible evidence for recovery at a higher temperature, as indicated
by an inverse transient in the last section of the plot in Figure C2.

Table 1 compares the fits to the data in Tables Bl and B2. Distinctly different fits
were obtained depending on whether the data were based on loading (stress increment)
or on unloading (stress decrement). This is also shown in Figure 11. The “unloading”
slope n = 14.25 was obtained without the datum of stage 5 in Table Bl. Observations
of this kind are consistent with some reports that dislocation arrangements in subgrains,
specifically subgrain  size in sodium chloride and in some metals, is dictated by the highest
stress [27,48,49,53].  However, the significance of Figure 11 hinges on whether or not the
present unloading measurements represent steady state values. Two indications suggest
that they do not. First, the stress drop at the end of stage 5 in Table Bl was followed
by a distinct inverse transient. Such a transient is direct evidence for recovery (Le.,
structural readjustments towards a “softer” structure at the lower stress) unless the
transient resulted from true tertiary creep with impending creep rupture. Unfortunately,
the latter possibility cannot be ruled out completely, because the creep rate at the end of
stage 6 was higher than the creep rate at the end of stage 4 (Table Bl). An instability, of
course, would invalidate the measurement during stage 5 within the context of steady state
creep. At the same time, the nature of a possible instability remains puzzling because the
creep rate during stage 6 did not continue to accelerate beyond the sharp initial transient.
Also, the creep during the preceding stage 4, agreed quite well with the corresponding
measurement for stage 1 in Table B2. The latter observations suggest that the creep rate
for stage 5 of test QD12AN may well be a good measurement.

A second observation relates to the inverse transient caused by the increase in
temperature from 60°C to 80°C during stage 5 of test QDllAN in Figure C2 and Table
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B2. The existence of this transient is taken as unambiguous evidence that the creep rate
at the end of stage 4 and (probably) during stages 3 and 4 were smaller than the true
steady state creep rates at these stresses.

Comparison of the strain accumulations during the various stages in Tables Bl and
B2 reveals that the sample in Table Bl, QD12AN,  underwent less strain at the highest
stress, 7 w 3000 psi, than the sample in Table B2, QDllAN. Therefore, it is reasonable
to expect that QDl2AN would have recovered to a steady state creep rate sooner and
after less strain than did QDllAN. Another set of experiments was conducted to pursue
this reasoning without the possible interference of tertiary creep. First, bounds of the
steady state creep rate were established at r = 2100 psi and 60°C for a salt sample from
Bayou Choctaw, Table B9. Then the specimen was subjected to a nominally 12% higher
stress for 2, 24, and 407 hours. After each interval the stress was dropped back to the
“reference” value to monitor the effect of the higher stress on the shape of the creep curve
and on the magnitude of the creep rate as a function of time and strain. This sequence
of experiments covered the stages 7 through 13 in Table B9. The data in Table B9 show
that the creep rate at the reference stress decreased rapidly with an increase in strain,
i.e., hardening at the higher stress. Even the small strain accumulation of 0.075% during
stage 8 produced a nearly twofold reduction of the creep rate after 266 hours at the end
of stage 9. However, the creep rates after the stress reductions were so low throughout
that it was impossible to complete the consecutive recovery processes as hoped. In this
case, because of some noise in the measurements, it even proved impossible to resolve any
recovery at the low strain rates of the order lo- lo s-l. However, the total strain due to
recovery during stages 9, 11, and 13, equals only about one tenth the strain at the higher
stress during stages 8, 10, and 12. Therefore, it is unlikely that the lack of recognizable
creep acceleration implies that the steady state creep rate at the “reference” stress was
altered. Rather, it might just take a long time to restore the creep rate of the salt sample
to that before the first stress increase to r = 2468 psi.

The third set of recovery t,ests was simihar  to the unloading experiments on West
Hackberry salt, QDllAN, but they included a recovery step at a higher temperature.
They also included ongoing observations of substructures before and after recovery. The
objectives of these tests were accomplished by cutting a 2-in.-thick section from the
middle of a sample at the end of a creep test at r x 2900 psi, by reloading the remaining
sample parts, and, finally, by dropping the stress to r a 1250 psi. Results of the second
loading phase at r = 2908 psi and of the recovery measurements at the lower stress at
58°C and llO°C are shown in Figure 12. While the strain rates for this two-part sample
may be in error by as much as 50%, recovery appeared to occur relatively quickly at
llO°C and after < 0.5% strain.

6.4 Some Substructural Observations

Substructural observations are often used to identify rate-controlling deformation
mechanisms in solids and in the establishment of steady state conditions. The principal
features of interest in sodium chloride are the concentrations of dislocations in glide
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bands, the preferential arrangement of dislocations in low-angle subgrain boundaries,
dislocation spacings within boundaries, and the dislocation densities and arrangement
between subgrain  walls. The dislocations that are not associated with subgrain boundaries
are generally referred to as “free” dislocations although not all of them may be mobile.
Substructural features, especially well-developed subgrain boundaries have been taken
as evidence for diffusion-controlled creep not only above, but also at or below, half
the melting temperature of salt [22,24,25,27,48,49].  Moreover, there is evidence that the
subgrain  ‘size, 2, and the free dislocation density of steady state creep are related to
the magnitude of the applied stress. Several data sets from laboratory experiments on
single crystals and polycrystalline salt, and observations on naturally deformed rock salt
indicate that the relationship between subgrain size and stress falls within the range
757-l < ;i 2 2557-l  [25,27].  Following universally accepted convention, subgrain size in
this expression is given in micrometer (pm) and stress is given in megapascals  (MPa).

No systematic substructure observations were collected in this study. Nevertheless,
a few measurements were made to obtain some indication concerning the mechanistic
significance of good power-law correlations for steady state creep. Cursory substructural
measurements were also of interest for the consideration of low creep rates for Bryan
Mound salt compared to the measurements on salt from West Hackberry.

Substructures were identified in undeformed samples of West Hackberry salt, WH108
at depths of 2293 to 2298 ft, and Bryan Mound, BM107C-2205;  and in deformed West
Hackberry salt, sample WHlO&2267 (Table B2). Representative observations are shown
in Figures 13 to 15.

The substructures in laboratory undeformed salt WH108 are shown in Figure 13.
The salt consisted of a very well developed, nearly equant and rather uniform subgrain
structure with an average subgrain size of 345 pm and relatively small standard deviation,
S = 32 pm. The dislocations between quite linear subgrain boundaries are arranged
in cellular patterns reminsicent of dislocation arrangements in copper [50]. The initial
substructure in Bryan Mound salt from 107C-2205,  Figure 14, is irregular by comparison.
Although dislocations are concentrated in subgrain boundaries, the sub-bounda.ries  are
mostly curved and the subgrain size highly variable. The mean subgrain size is small,
a = 115 pm. The variation in subgrain size variation is reflected in a relatively large
standard deviation s= 45 pm. A quick check at least indicated that the finer subgrain
size of Bryan Mound salt did not appear altered by static annealing under hydrostatic
pressure at 160°C for 14 days (Table B7).

Substantially different features appeared in WHlO8-2267 that was deformed to 9.67%
strain at 7 = 3010 psi and at 60°C before several stress drops and one temperature excur-
sion to 80°C. The strain during all stress drop tests was only 0.4%. Three representative
photographs are included in Figure 15. The substructure in Figure 15a is dominated by
glide bands. Figure 15b shows some primarily curved, often open-ended concentrations of
dislocations that might be vestiges of a disintegrating subgrain  structure. Figure 15c,  the
third major feature in this sample, may be a newly developing subgrain  structure, but
is probably wavy slip bands indicative of cross-slip. The latter suggestion is supported
by the fact that the etched grooves or boundaries in Figure 12c are only 3 pm or less
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apart. If this distance corresponded to the spacing of subboundaries then (for example)
the existing stress-subgrain size relationships would indicate a creep stress >7500 psi,
which lies well above the maximum 2900 psi in the tests on this sample (Table B2).

7 Discussion

The present study was motivated primarily by pragmatic questions about the ap-
propriate power-law stress exponents for steady state creep of salt from different SPR
sites and about any anticipated differences in material properties within each of these
sites. To minimize testing it was also important to identify possible reasons for observed
differences in creep response of salt from different locations; for example, West Hackberry
and Bryan Mound. Knowing the causes might help establish other indicator properties
such as a combination of salt texture and composition that could be correlated with
mechanical salt properties with less effort and expense than required by creep testing.
While addressing these practical questions, however, several broader concerns arose that
appear fundamental to the successful application of laboratory data to SPR design cal-
culations.

Prompted by parallel observations on bedded salt from potential sites for radioactive
waste disposal, the question arose whether previous measurements for SPR were, in fact,
steady state measurements. Therefore, it was not clear whet*her  the power-law fits to
earlier data were valid descriptions of the steady state creep of rock salt. If steady state
creep had not been attained in the earlier experiments, this also implied that transient
creep would last longer and, more important, dominate creep through more strain than
previously thought. Hence, there would have to be a concern for when data could be
expected to agree with predictions based solely on steady state creep models. The re-
lated question concerning the rate of recovery and the duration of transient,s  following
decreasing stresses was recognized several years ago. This question has gained in impor-
tance because of suggestions that the steady state creep rate of salt at particular service
stresses is permanently altered if it is ever loaded to a higher stress. This irrevocable
change in creep properties is attributed to a permanent effect of the higher stress on the
arrangement and motion of dislocations. If true, this means that “steady state” creep
can no longer be described by a state function of the type of Eqs (3), (6) or (8). The last
relevant and major concern must be whether constitutive models for laboratory measure-
ments that were made over a narrow ra.nge  of relatively high stresses can be extrapolated
to the low stress conditions around SPR caverns years after they were excavated. This
problem is greatest at the typical SPR temperatures near forty percent of the melting
temperature of sodium chloride. It is here that the governing deformation mechanisms
of salt and, therefore, the most appropriate functional form of a creep law are not well
understood.

The difficulty in determining the onset of steady state creep at strain rates below
approximately 10B8 s-l is well known. The appeara.nce  of creep curves and where the
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creep rate along such records becomes constant can be deceiving. For example, Figure.
C2b shows the tail end of a plot of the first stage of West Hackberry test QDllAN. It
looks perfectly straight. However, if all the data for that stage are considered in Figure
C2a, then it is apparent that the curve is dominated by transient creep. Similarly, the
transient nature of creep towards the end of stage 1 of the test on Bayou Choctaw salt,
Figure C9 might be overlooked without the prolonged creep deceleration during stages 2,
4 and 6. The normal transient during these stages persists through more strain than is
typical for a 20°C increase in temperature. Therefore, it is not surprising that the upper
and lower bound estimates of steady state creep for stages 1 and 7 at r = 2130 psi are a
factor of three apart. This difference is important for the derivation of the governing creep
parameters. Generally, the power-law stress exponents and effective activation energies
are underestimated if the creep rates used are higher than the true steady state creep
rates [47].  This point is demonstrated by means *of Eqs (3) and (II), using the creep
rates of stages 1, 2, and 7 in Table B9. After the ere -values of stages (1,2) and (2,7)  are
paired, the effective activation enthalpies become Q w AH % 9.9 and 23.1 kcal/mole.
In this case, the Q = 23.1 is an upper bound because the creep rates &, for stages
2 and 7 are believed to be above and below the corresponding true steady state creep
rates, respectively. It follows that the mechanistic interpretation of creep measurements
based on the magnitudes of measured or inferred activation parameters,e.g., Q or AH,
are extremely sensitive to the quality of the available data. The observations for pairs of
data carry over to correlating groups of data. We believe that the difference in the overall
fits to creep data for Salado salt in Table 1, files WIPP4C and WIPP7, is mainly due to
the fact that the set WIPP4C contains only upper bound estimates of steady state creep.
This bias in the earlier Salado measurements, WIPP4C, results in appreciable differences
in calculated creep rates. If the power-law fits with the lowest standard errors (Table
1) are used, the predicted steady state creep rates for r = 1000 psi and T = 40°C
are 2 X lo-lo and 5.9 X lo-” s-l. Assuming possible geologic conditions, r = 150
psi and T = 70°C the extrapolated values are 1.4 X lo-l3 and 3.9 x lo-l4 s-l. These
predictions differ by factors of approximately five. Of course, the latter predictions rest
on the assumption that the power-law also describes the governing creep mechanism at
the lowest stresses of interest.

All of the West Hackberry tests precede the adoption of systematic temperature
change tests described earlier. Therefore, the measurements for West Hackberry salt
under this program are only upper bound estimates of steady state creep, and the
fits of Table 1 should overpredict the true steady state creep rates of this material.
This suggestion is supported by low-power law stress exponents, n, and low effective
activation energies, Q, for West Hackberry data sets WHl  and WH2 as compared with
the corresponding values for Salado salt, WIPP7, or Bryan Mound salt. The data sets
WHl and WH2 do not include the measurements of stress drop tests.

Although the available creep rates for West Hackberry salt may be somewhat greater
than the corresponding true steady state creep rates, it is reassuring that they consistently
show very little scatter. Because bedding planes in salt domes are nearly vertical, the
reproducibility of data for salt from four different drillholes suggests considerable lateral
homogeneity in creep properties. The reproducibility between the results of this study

23



(Tables B1. and B2) and of earlier tests (Table Dl) also implies continued validity of the
model parameters of pa.st design calculations for SPR at West Hackberry. For example,
previous design analyses [55] predicted effective steady state creep rates of 8.46 X lo-’ s-l
for T = 2000 psi and T = 60”C.t This compares with 9.35 X 10-O s-l for the combination
of all existing measurements for West Hackberry salt, data set WH2 in Table 1. Note that
the predicted creep rates do not change much for the various parameter combinations
in Table 1. The extrapolated creep rates for the West Hackberry sets beginning with
C = 3.30 X 1014 and C = 1.94 X 1014 at r = 500 psi and T = 60°C lie around lo-l1
s-l and differ by only 20%.

According to Tables B3 through B8, the results for Bryan Mound salt are a mix
of upper and lower bound measurements of steady state creep. Although these bounds
differ by as much as 500 %, their existence makes it possible to estimate unavoidable
uncertainties in creep predictions in situ. Together with Salado data, files WIPP4C and
WIPP7, they also yield estimates of the likely uncertainties in material models that are
based onZy  on measurements of upper bound steady state creep rates.

Although only one sample from Bayou Choctaw was tested, it is clear that the
behavior of this salt is similar to that of Bryan Mound salt from drillholes 107A,  107C
and 108B. Because of extended transient creep, most of the data for this material are
upper bound estimates of steady state creep. This is the reason for the relative low values
of the parameters C and n in Table 1.

During the first creep tests on Bryan Mound salt [4] this material crept considerably
slower than any other salt known to us. The present data confirm this observation for all
sa,mples  except BM113-4225.  Because most of the Bryan Mound samples were carried out
under well-controlled laboratory conditions, the scatter in the results for drillholes 107A,
107C,  and 108B (Tables B2-B8, D2) points to an unusually large variability in the creep
properties of this salt. This becomes especially clear from the differences between the
measurements for BM113-4225  and the remaining Bryan Mound samples. At this point,
the reasons for these unusual characteristics of Bryan Mound are unknown. In principle,
the low and highly variable creep rates could be due to intracrystalline secondary phases
such as anhydrite. They could also be due to impurities in solid solution.

For example, Ca2+ in solid solution can result in large increases in the activation
energy in the dislocation climb regime of creep [51]. Unfortunately, no way was found to
measure the level of candidate species, ca.lcium,  potassium and magnesium in rock salt
in this study below a level of appromximately 1000 ppm. Samples for atomic absorption
tests appeared to be contaminated with secondary phases; microprobe tests turned out to
be too insensitive. In turn, secondary phases are abundant and cause considerable local
changes in dislocation substructures. However, they appear to be spaced too far apart to
dominate the substructure and the average creep rate of our specimens.

The effects of differences in the initial substructures, especially subgrain  sizes in

fThe definition of effective strain, i in SPR analyses is such that i = el, under the axisymmetric
conditions of triaxial laboratory tests.
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laboratory undeformed salt from different locations, were also considered. Although the
subgrain  size for Bryan Mound salt ;i = 115 pm, is small, it is still coarser than the
equilibrium subgrain size for the stress levels of this study. According to studies of Blum,
Poirier, Carter, and others, the subgrain size at the lowest stress level for Bryan Mound
sal t ,  7 = 1800 psi, should be less than approximately 2 = 25 pm. For this reason it
is likely that substructural differences will alter only the magnitudes of the transient
creep strains that are measured for different salt types, but not the rates of steady
state creep. As three last possibilities, the effects of texture, grain boundary impurities,
and of water should be evaluated. This has not been done to date, because available
laboratory creep measurements appeared to be insensitive to variations in grain size.
This suggests that creep was primarily an intracrystalline phenomenon, and that grain
boundary characteristics were unimportant. The influence of water, which appears to be
quite mobile in Salado salt, was also not considered because none was ever identified in
the domal salts of this study.

A comparison of the Bryan Mound creep rates in Tables B2-B8 and Table D2 shows
good agreement to within the considerable scatter of the data. This means automatically
that the predicted creep rates using the power-law creep parameters of Table 1, files
BM3C and BM4C, are essentially the same as the predicted creep rates of earlier design
analyses. In these analyses a power-law stress exponent n = 3.62 was used together with
an estimated effective activation energy of Q = 12.1 kcal/mole and C = 3.16 X 10’ s-i.
Note that the constant C was obtained by matching the measured estimates of steady
state creep for each stress. The low value of n is attributed to a combination of non-steady
state creep rates, scatter, and a very small data base. The low value of n was compensated
for by the small value of C.

We stated in the introduction that design calculations inevitably require extrapola-
tions of laboratory-based constitutive models to long times and stresses well below the
stresses of laboratory tests. Long-time extrapolations require correct measurements of the
rates of steady state creep. The validity of predictions at low stress must be evaluated
separately, for example, in case studies of (1) salt flow around old mine workings, (2) pres-
sure changes in SPR caverns, or (3) changes in brine levels in deep boreholes. Alternatively1
efforts were made in this study to select the most applicable creep law from considera-
tions of the physical processes governing the low-stress, low-temperature creep of rock
salt. Based on comparisons of the standard errors for the fits in Tables 1 and 2, there is
no doubt that power laws continue to give good descriptions of all of the existing data.

Good subgrain  development in laboratory samples before laboratory testing, espe-
cially in West Hackberry salt, also indicates that dislocation climb contributed to salt
creep and recovery over geologic times scales. However, there are at least four observa-
tions suggest that the power-law fits are not only due to a diffusion mechanism. (1) The
effective activation energies that result from overall data fits (Table 1) and from pairs of
strain rates (Table 3) remain well below the activation energy of dislocation-core-assisted
volume diffusion of chlorine &SD m 35 kcal/mole.  This fact is consistent with a very
large standard error in Table 1 when the power-law fit for Salado salt WlPP7, the largest
high-quality data set, is constrained to Q = 35 kcal/mole. (2) Activation areas that were
determined at approximately constant microstructure from creep rates right before and
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after changes in stress, are mostly around 100b2,  where b is the Burgers vector for-sodium
chloride (Table 3). These values lie well above A w b2 for climb-controlled creep. (3) If
power-law stress exponents are computed from pairs of estimates of steady state creep for
individual samples, it becomes evident that n-values around or below five are always as-
sociated with the upper bound estimates of steady state creep of otherwise well-controlled
experiments. Thus, the poorest upper bound values of &, in Table B7, stages (lb,2) give
the lowest n = 2.68. In contrast, several more credible combinations of estimates of
steady state creep &,, exist that yield n-values above seven as shown in Table 3. Even if
some of these values might be on the high side, for example, n = 7.65 for West Hackberry
test QD12AN,  stages (4,5), they still lie above five. This cannot be reconciled with pure
climb-controlled creep. Very similar observations were made by Blum [51] in analyses for
single and polycrystalline halite between 150’ and 65O’C. According to Blum, n = 4.5
when creep is climb-cont,rolled, and n > 5 for stresses exceeding 300 psi. (4) Although
substructural observations under this study are quite limited, it is important that the
substructure of West Hackberry sample QDllAN contained no subgrains. Instead, it
showed ample evidence of glide and, in our interpretation, wavy slip. These observations
are especially significant because the sample had been deformed over nine percent strain

. which should be enough for developing an equilibrium substructure [25,27,51].  Because
little strain was accumulated during recovery following four stress drops, it is reasonable
to assume that the substructures shown in Figure 11 are largely representative of the
substructure in this sample at the highest stress, 7 = 3010 psi. Note that measurements
at this stress lie well within the regime of present and earlier power-law fits.

If the conventional interpretation of power-law fits of the low-temperat(ure  creep of
rock salt is ambiguous, then the question arises as to which physical processes and fits
are in fact valid at and below the stresses of this study. This concern prompted the
evaluation of several alternative fits, Eqs (5) and (6) in Table 2, assuming first that creep
was dominated by a single mechanism. Cross-slip was the prime candidate because of
several characteristics of the data, including good linear correlations of the logarithm of
the estimates of steady state creep, ele, on one hand, and log7 as well as f on the other.
A parallel study of Salado and Asse salt also indicated that Q and n were moderately
stress and temperature-dependent as required by Eq (5) (81.  Indeed, the fits for cross-
slip in Table 3 provide the best descriptions with the lowest standard errors, especially
for the data sets WIPP7 and BM4C that contained the least scatter. Most important,
at least two of the three fitting parameters agree w&h corresponding values that were
measured independently on single crystals. The magnitudes of & in Eq (5) are equal to the
activation energy for cross-slip, QCS = 3.69f 0.7 kcal/mole [41]; the values of In B1 lead
to reasonable preexponential terms B1 on the order of 6.6(&3)  X lo3 s-l as reported by
Skrotzki [41].  Other supportive evidence for cross-slip includes its association with wavy
slip (Fig. 15c), and activation areas around 1OOb2 , Eq (7) and Table 3 [8,35,37,41,52,56].
To prove the dominance of cross-slip in this study, however, it remains to be demonstrated
that impurities can raise the ratio (~~/p~)  for polycrystalline salt at absolute zero, Eq
(5), several orders of magnitude. This value stems from the comparison of the fitt.ing
parameters B3 = ln(TO/po)  in Table 2 with the value ln(.ro/po) = -5.43 for pure single-
crystal sodium chloride (411. It also appears necessary to collect data over a wider range
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of stresses in order to verify the temperature and stress dependency according to Eq
(5) by documenting the temperature and stress dependencies of Q and n in Eqs (7).
Such correlations were sought by means of the data set BM4C in Figure 8b, but proved
inconclusive because of difficulties in obtaining an adequate number of well-defined rates
of steady state creep.

If it can be shown definitively that cross-slip is the rate-controlling process of the
low-temperature, low-stress creep of rock salt throughout, then a mechanistic rationale
would be available to extrapolate creep models that are based on laboratory measurements
beyond the conditions of actual laboratory experiments. This could be done either with
the parameters for Eq (5) in Table 3 or with the power-law models of Table 2 as good
empirical approximations for cross-slip. The continued use of the power laws would be
advantageous because they are already part of many structural codes.

Because of the mechanistic uncertainty related to the power law fits of Tables 1
and 3 and because of well-developed glide bands in sample QD12AN,  Figure 12, it
was reasonable also to test the applicability of an exponential stress model, Eq (7). In
addition, variations of this expression correspond to a new, empirical glide model and to
models for dislocation intersections which is an important mechanism for low-temperature
creep in pure metals [35,40].  Surprisingly, the standard errors for several of these fits,
Table 2, were nearly as good as the standard errors for cross-slip and for the power
law. In part, this result is attributed to statistical problems that arise with small data
sets, as discussed previously. However, good alternate fits were also obtained for the
larger data sets BM3C, WIPP7, and WIPP4C. This underscores the difficulties of creep
modeling at low stresses and temperatures when the creep rates are extremely low and
considerable scatter a.ppears inevitable. In such cases, careful consideration must be given
to the mechanistic significance of the various creep parameters. Thus, on one hand, the
measured values for QCS = & in Eq (5) and Table 2 suggest cross-slip. On the other
hand, low activation volumes, V, including increasing values of V with temperature,
weaken the correlation with the generalized glide model, Eq (6). No ready solution is
offered to improve the credibility of any particular fit. Modeling would be facilitated
if measurements were available over a wider range of stresses and temperatures, but
this involves the risk of crossing mechanism boundaries by going to higher stresses and
substantially higher temperatures. In turn, tests at lower stresses quickly risk becoming
meaningless because steady state creep is too slow to be measured, or it may never be
reached, even in very long tests.

All the modeling discussed above assumed that only one process was rate-controlling
throughout, including earlier Salado data in File WlPP4C, Tables 1 and 2. Based on
the quality of the fits presented, this approach appeared justified. Considering the well-
developed substructures in undeformed salt and reports of good subgrain  development in
deformed samples [27],  however, it was plausible also to evaluate a two-mechanism model
of cross-slip and dislocation climb. Corresponding fits were applied to the three largest
available data sets, Salado salt WIPP4C and WIPP7, and Bryan Mound salt BM3C. While
this effort continues, no acceptable fit has been obtained to date even if the activation
energies, QCS and &SD, are prescribed and held constant. Every fit in this group had an
associated standard error of the logarithm of strain rate, SE> 2.0.
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It was suggested earlier that the creep under conditions of decreasing stresses is
of interest to test the uniqueness of candidate steady state creep models and to assess
the effects of very slow transients on design calculations. Unfortunately, neither question
could be resolved in this study. The following was expected. (1) Complete creep recovery
would occur if stress drops were followed by inverse transients to indicate substructural
softening. (2) The magnitude of the inverse transients during recovery would be about
the same as the transient strains after stress increments of the same magnitudes. (3) As a
complicating factor, it was deemed possible that the recovery could take place in distinct
stages because of known differences in the time constants for the substructural features
of the different recovery processes, e.g., decreases in the dislocation density and subgrain
coarsening. Our expectations were especially based on recovery observations on lithium
fluoride in the dislocation climb regime and on recovery measurements on single and
polycrystalline sodium chloride [51,56].  The latter measurements were made at relatively
high temperatures (T> 150°C), but in a range of similar power law stress exponents,
n 2 5.0.

All the stress drop tests on the domal salts in Appendix B and on Salado salt in
Figure 12 did show una.mbiguous  evidence of recovery that was not recognized in the
earliest tests on Salado salt in Figure 10 [lo]. The occurrence of recovery was particularly
well defined for West Hackberry test QD12AN,  stage 4, and for the Salado test in Figure
10, stage 3. In addition, it is likely that the recovery was incomplete following the stress
drops in tests QDllAN and QG4N (Tables Bl and B9), either because of very little creep
at the reduced stresses or because of the existence of an inverse transient following an
increase in temperature. However, beyond qualitative observations, the evidence does not
prove or disprove the uniqueness of the steady state rates. Nor is there enough evidence
to derive the governing parameters for creep recovery, including the magnitudes of the
recovery strains and the durations of the recovery periods.

It is reasonable that the recovery during stages 4-6 of West Hackberry test QDllAN
was incomplete compared to stage 4 of test QD12AN  because, as stated before, QDllAN
had been hardened more, i.e., strained more at the highest stress. Therefore, the initial
creep rate, eib,  after t,he staged stress reduction for QD12AN and the subsequent creep
acceleration at r = 2430 psi was higher than the corresponding creep rate and creep
acceleration for QDllAN. Thus, QD12AN  moved through the required recovery strain
in less time than QDllAN. It was not necessarily disturbing that the creep curve during
stage 2 of QDllAN looked straight for a good bit of time (strain). Consistent with earlier
remarks, this fact could merely be taken to signal the end of one recovery stage before
the beginning of a second, slower stage.

Unfortunately, the reasoning applied to West Hackberry salt could not yet be verified,
although the tests for salt from Bayou Choctaw, Table B9 were designed to accomplish
this. For unknown reasons, the recovery of this sample during stages 9,11,  and 13 appeared
to be so much slower than in West Hackberry salt that the maximum creep rate, el,,
fell far short of the lowest estimate of steady state creep at the reference stress. This
happened even after the first, short overload period with a strain accumulation of only
0.075%.
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The measurements on Salado salt in Figure 12 do not clarify our understanding,
perhaps because the data may be influenced by the peculiar history of this sample. This
history included complete unloading and the removal of a 2-in.-thick slice before the
remaining salt was reloaded. On one hand, complete recovery apparently took place very
rapidly after the temperature was raised to 110°C. On the other hand, it is puzzling that
the underlying microstructural adjustments during recovery were associated with only
approximately 0.5% strain. This amount is considerably smaller than the magnitude of
the transient strain for the same type of salt in loading tests between approximately the
same stresses, r R 1250 psi and T x 2900 psi.

One last significant item needs further study. Based on earlier tests [2-41  it was
always assumed that SPR design calculat,ions were almost insensitive to the influence
of transient creep [54]. This followed from closure analyses of an isolated drift in salt
[58]. It is also intuitively clear because the available transient creep parameters e, =
2/3~, and c in the exponential model, Eq (2) imply that (1) transient creep, at constant
stress, is limited to 7.8 days at most, and (2) the total transient creep, elt (7t) will not
exceed 3.5% for Salado salt and 2.9% for West Hackberry salt. At the slower strain
rates for SPR conditions, the total transient strains are predicted to be less than 1%
and 0.5% at West Hackberry and Bryan Mound, respectively. The lower value for Bryan
Mound salt is probably due to its finer, i.e., harder initial substructure. Of course, the
determination of the transient creep parameters following earlier tests was influenced
by the length of the tests and by the quality of the rates of steady state. It follows
from this study that the true rates of steady state creep are lower than many of the
the earlier estimates. This also implies that the earlier amounts of transient creep were
underestimated. Although the transient creep will be site-specific, comparatively large
transients are clearly evident in all of the data in Appendices B and C. For example,
West Hackberry tests QDllAN  in Figure C2 (Table B2),  stage 1, is still in a transient
regime at a total axial strain of 9.5%. If Eq (1) and the upper bound estimate of steady
state creep for stage 1 in Table B2 are used, this means that the transient creep in this
case is at least 6.3% or 2.2 times greater than transient strain that follows from earlier
data fits [3]. The equivalent discrepancy for Bryan Mound salt, test QF22AN, exceeds
a factor of six. The existence of relatively large transient strains must be considered in
identifying equilibrium substructures corresponding to steady state conditions. They may
also be important in design validation studies where design predictions are compared with
in sitv measurements made over limited periods after changes in SPR cavern pressures
or wells, for example. At present, the actual in situ pressure changes are underpredicted
by factors between 2.5 and 5 in caverns and by factors up to 10 in wells.

8 Summary and Conclusions

New creep measurements were presented for rock salt from West Hackberry and
Bayou Choctaw, Louisiana, and from Bryan Mound, Texas. The measurements furnished
credible upper and lower bounds of steady state creep. The upper and lower bounds
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were distinguished by the association of creep with normal and inverse transients. This
new approach to determining rates of steady state creep requires shorter test times than
conventional methods, Possible errors in measurements of steady state creep using the
new and old approaches were demonstrated by comparing two relatively large data sets
for bedded salt from the Salado formation in New Mexico.

Within the scatter of data, the present measurements for West Hackberry and Bryan
Mound salt agree with earlier data at 60°C. However, earlier estimates of steady state
creep at 23OC  were high by up to one order of magnitude because of extended transient
creep.

It was verified that some of the salt from the dome at Bryan Mound creeps con-
siderably less than West Hackberry salt. At the same time, t.he  creep properties of Bryan
Mound salt exhibited unusually large variations which led to considerable scatter in
measurements. In addition, the creep properties of Bryan Mound salt from one drillhole
appeared to be close to the creep properties of West Hackberry salt. The reasons for
the low creep rates in Bryan Mound salt remain unknown. Chemical studies are still
inconclusive; arguments about variations in initial subgrain sizes proved inadequate.

Creep measurements on Bayou Choctaw salt were limited to only one sample. Based
on these limited results, the creep properties of this salt are more similar to most Bryan
Mound salt than to West Hackberry salt.

The different groups of estimates of steady state creep rates in this study were fitted
by a power-law creep model and by several alternate models for cross-slip, dislocation
glide, and dislocation intersections. The best and mechanistically most credible fit in
this group was obtained for cross-slip with excellent agreement between the fitted activa-
tion energies and activation energies for cross-slip in the literature. This conclusion is
supported by activation analyses including some correlations beween the effective activa-
tion energy and the stress exponent of the power-law model (on one hand) and stress and
temperature, on the other. This conclusion is also consistent with some large power-law
stress exponents and with limited substructural observations that showed no subgrain
development. No satisfactory fit could be obtained for a two-mechanism model for dis-
location climb and cross-slip, especially when the activation energies were constrained to
known values. If cross-slip can be proven to be the dominant creep mechanism, then a
rationale would be available to extrapolate the existing measurements of steady state creep
beyond the range of laboratory conditions of stress and temperature. Such extrapolations
appear justified also by equivalent salt viscosities [39] of the order of 10" poise or less
that are predicted by t,he cross-slip model for geologic stresses, 100 5 7 5 250 psi and
corresponding temperatures 70" _< T 5 12OOC.

Although the present data suggest that cross-slip may be the rate controlling step
during the low-temperature creep of this study, there is good agreement between the
cross-slip and power-law fits. Therefore, the power-law fits appear to be good empirical
approximations to the true creep processes despite the fact that the fitted power-law
creep parameters cannot be interpreted  mechanistically.

Creep measurements after stress drops showed that recovery occurred, as evidenced
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by the development of inverse transients with attendant creep acceleration. However, in
some cases, the recovery proceeded so slowly that it was recognized only after it was
accelerated by increases in temperature. At the least, this means that the time constants
for transient creep after stress reductions differ from the time constants following stress
increases. However, it remains to be proved that complete recovery will occur under
all circumstances, especially if only one recovery process such as cross-slip is active.
To accomplish this, ongoing substructural measurements will have to be completed on
deformed salt before and after stress drops. In addition, recovery will have to be carried
out to larger recovery strains than were accumulated in this study.

Comparisons of transient creep strains collected here and in earlier tests indicate
that transient creep lasts longer than is predicted by an exponential transient creep model
derived from creep data for Salado salt. The present results also suggest that the transient
creep strains are larger than predicted. Both of these observations should be considered
in validation studies with comparisons of predicted salt motions and deformations that
are monitored in situ.
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Table 1. Power-Law Fitting Parameters

Origin of
Salt-File

Fitting Parameters

n Q SE
Cal/mole

West Hackbr.-

WHl
WH2

WH2*
WH4
WH5
WHl

Bryan Mound-

BM3C

BM4C
BMGC

Bayou Choctaw-

BCl

Salado-

WrPP4C
WIPP7

WIPP7

3.30 x 10’4 4.73 13,120 0.231
7.92 x 1012 4.99 9,420 0.231
1.79~ 1Or6 5.06 12,750 0.221
9.35 x 10” 13.00 13,120 1.06
2.23 x 10” 14.25 13,120 0.371
1.94 x 10” 4JQ 12,000 0.195

1.61 x 10” 4.54 15,140 0.519
5.26 x 10” 5.18 17,830 0.149
2.40 x 10” 3.54 13,460 0.719

8.45 x 10” 4.06 11,830 0.811

4.46 x 1014 4.90 12,000 1.01
7.97 x 10” 5.09 16,550 0.441

6.54 x 104’ 11.36 35,000 1.79

Legend: WHl, BM3C,  BM4C,  BCl and WIPP7:  New creep data for stress
increment tests (Appendix B and Ref. 8). BM3C contains
all Bryan Mound data except for salt from drillhole BM113.
BM4C  contains only data for BM113.

WH2, BMGC:  Combined old and new creep data for stress increment
tests (Appendices B and Ref. 8). BMGC  contains all Bryan
Mound data except for data for salt from drillhole BM113.

WH2*: Same as WH2 but without measurements at 22°C.



WH4 and WH5: New creep data for stress drop tests (Appendix B)
including and excluding datum for test QDlBAN.

WIPP4C:  Combined old and new creep data for stress increment
test 11,111.

SEEstandard error of logarithm of fit.
Underlined values were constrained to the numbers shown.
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Table 2. General Fitting Parameters

1

Fitting Parameters to Eq(#) in Column 1
and Standard Error to Logarithm of Fit

Site-
File

Eq#

B4 Bb 87 SEIn B1 B2

5 2.14 3,320

B3

-2.43

3.55 3,370 -1.366
3.98 Q 18,840
65.39 9.65 11,300

9.37 3,440 -1.345
9.29 Q 21,270

5.80 Q 18,960

5 -2.18 2,688 -2.34

6 -2.18 Q 14,340

-1.519 3,088 -3.275
-3.08 Q 12,540
-10.8 Q 7,800
5.516 3,521 -2.301

4.39 Q 18,390

26.09 2.99 17,370

28.10 2.98 17,780

1.174 Q 16,160
1.178 Q 16,170

- 0.188

0.517
0.557
0.542

0.142
0.142

0.170

- 0.811

Q 0.811

- 1.03

Q 1.168

Q 1.031
- 0.435

Q 1.168

Q 0.456

0.5 0.445

Q 0.452

Q 0.451

West Hackb.-

WHl -

Bryan M.-

BM3C
1.15

-1.26

1.30

2.51

-

Q

Q
-

Q
4,393

BM4C

Bayou Ch.-

BCl -

Q

-

Q
1,623

-

Q
Q

Q
611
610

-

Q

-

Q

Q
-

Q
0.47

Q

Q

Q&Q

1.17

1.189

17.0

1.61
1.29

0.68

3.95
9.87

Salado-

WIPP4C

WrPP7

Legend: WHl, BMSC, BM4C,  BCl and WIPP7:  New creep data for stress
increment tests (Appendix B and Ref. 8). BM3C contains
all Bryan Mound data except for salt from drillhole BM113.
BM4C  contains only data for BM113.

WH2, BMGC:  Combined old and new creep data for stress increment
tests (Appendices B and Ref. 8). BMGC contains all Bryan
Mound data except for data for salt from drillhole BM113.
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WH4 and WH5: New creep data for stress drop tests (Appendix B)
including and excluding datum for test QDlBAN.

WIPP4C:  Combined old and new creep data for stress increment
test [l,ll].

SEEstandard error of logarithm of fit.
Underlined values were constrained to the numbers shown.

Note that the parameters B2 and B3 in Eqs (5) and (6) have different physical significance
and dimensions. For example, B2 in Eq (5) is the activation energy for cross-slip, QCS, in
Cal/mole. B2 in Eq (6) is a dimensionless exponent of stress.
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Table 3. Activation Parameters for Selected Measurements
in Appendix B

Site-Test I.D.
(Test Stages)

Activation and Test Parameters

A/b2 A H n Stresses Temprs.
Cal/mole psi “C

West Hackbr.-

QD12AN
(14 - - 4.91 1,972/2,435 60
(213) 15,120 - 2,418 so/so
(34 24,180 - 2,426 so/so
(2s) - 4.99 2,435/2,925 60
(43 - - 7.65 2,457/2,925 60

QDllAN
(14 86 - - 2,722/3,010 60
(23) 68 - - 2,441/2,732 60

Bryan Mound-

QF22AN
(44 - 18,070 - 2,888 GO/100
(516) - 19,070 - 2,903 lOO/SO

QF34N

PA 64 - - 2,064/3,150 60.3
QF35N

(475) 346 - - 2,083/2,231 59.8
(6,7) - 14,080 - 2,214 80159.6
(718) 99 - 2,212/  2,983 59.6
(819) 16,020 1 2,978 59.5180
(9JO) - 17,050. - 2,975 80159.4

(12,13) - 18,000 - 3,551 59.4180
(13,14) - 15,070 - 3,546 80133.5

QF36N
(W) 75 - 2.68 2,356/3,270 59
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Table 3 cont. Activation Parameters for Selected Measure-
ments in Appendix B

ite-Test I.D.
:Test Stages)

Activation and Test Parameters

A/b2 Q n Stresses Temprs.
Cal/mole psi “C

myan Mound-

QF37N
(172) - 14,280 - 2,498 40,60
(23 - 18,870 - 2,487 60,80
(374 - 20,460 - 2,483 80,59.8
(43) - 15,560 - 2,489 59.8,39.8
(5A-j) 86 - 7.88 2,490/2,848 39.9
(617) - 17,400 - 2,842 40,59.8
W) - 17,800 - 2,839 59.8,40
W) - 19,280 - 2,836 40,79.6
(wq - 20,960 - 2,837 79.6,59.8
(4,7) - - 7.19 2,488/2,836 59.8

iayou Choctaw

QG4N
(23 106 - - 2,135/1,857 80
67) - 20,020 - 2,136 80,60
(798) 174 - - 2,139/2,475 60
(9,lO) 201 - - 2,152/2,462 60
(1W) 198 - - 2,159/2,471 60
(12~3) 81 - - 2,471/2,151 60
(7,12) - - 8.22 2,139/2,471 60

Legend:

A/b’ractivation  area divided by square of Burgers vector
(b=3.99  cms8), Eq (12)

nrpower-law stress exponent, EZqs (3) and (7).
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VENTED
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Figure 1. Schematic of creep apparatus. Major components: (1) tie
rods on base plate, (2) hydraulic actuators, (3) pressure vessel, (4)
deviatoric loading piston, (5) Belleville washers, (6) heaters, (7) in-
sulation, (8) cross head with guide rods, (9) frame extension/lifting
fixture, (10) thermocouple location.
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Y
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Figure 2. Schematic of transients after stress changes. (a) Normal
transient after stress increase. (b) Normal and inverse transients,
following stress drop.
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T=104?4’C

T=1520?30psi

LOG (TEST DURATION) s

Figure 3. Correlation between estimates of steady  state creep and
test duration of early creep data for Salado salt (231

7=242Opsi

7 7=1202 p s i

t

100.2 Oc

6
1 4

1 I I
1 5 1 6 1:

TIME hrs x lo3

Figure 4. Creep records of stress and temperature change tests.
Note transients associated with stress cycle from T = 2410 psi to
2602 psi and back to 7 = 2420 psi; T = (aI -as) E applied stress.
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T - AXIAL STRAIN,  e,
60.2”C
-zi :: :! R A D I A L  S T R A I N ,  -e3

60.3”C

f
100.3”C

6

t 7 =  2 3 6 0 psi

TIME hrs x lo3

(4

52EeG
54 “;-

40.3 “C

-.-- T

6, =  5 . 0 8  10-l’  l/s

5lQ

T= 2360 psi

8 2 2 . 2 5 2 5 -L-&--:

TIME hrs x lo3

(b)

Figure 5. (a) Axial and radial strains of multistage creep test at
different temperatures. (b) Inverse transients following temperature
drops.
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T I M E  h r r  x 10’

x lo-”

1=2138 psi

l/S

TIME bra x lo3

Figure 8. Record of creep experiment with intermittent, short-
term stress drops. Insert shows stress history during interval in
main figure.

LOG (7) psi

Figure 7. New temperature-compensated estimates of steady state
creep,  Ge ev(&/RT), versus applied stress, 7, for Bryan Mound
salt, drillholes 107A, 107C, and 108B (Tables B3-B7).  Letters iden-
tify different samples and test stages. The encircled points G and
E correspond to measurements at 22°C.
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“W’HS: HACKBERRY SALT

c=3.3 x 10’4

-6 - - n = 4.73

O= 1 3 . 1 2

-l@ 1 I
I I2 7 3 3 . 3 3 6 7 ;

LOG (7) psi

Figure 88. Temperature-normalized estimates of steady state creep
for West Hackberry salt, i le ezp((Q/RT)  - (&/R333)),  versus ap-
plied stress, 7. Normalization temperature is 60°C, & = 13.12
kcal/mole (Table 1).

.y
T

BRYAN MOUND SALT

8M4C

C =1.61 x lOI

n = 4.54

0 - 1 5 . 1 4

-18 1 1
2 7 3 3 3 36

7 1 ;

LOG(T)psi

Figure 8b. Temperature-normalized estimates of steady state creep
for Bryan Mound salt, e le ezp( (&/RT)  - (Q/R333)),  versus ap-
plied stress, 7. Normalization temperatures is 6O”C, & = 15.14
and 17.83 kcal/mole (Table 1). File BM3C consists of data of Tables
B3-B7, without 22°C measurements in Table B3. File BM4C con-
tains steady state creep estimates of Table B8. Not,e  large scat-
ter in data of BM3C.
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BAYOU CHOCTAW SALT
SC1

,” --5 -
r

C=8.45  x 10”

9 =
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n 4 . 0 6
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Figure 8c. Temperature-normalized estimat,es of steady state creep
for Bayou Choctaw salt, i le ezp((Q/RT)  - (Q/R333)),  versus ap-
plied stress, 7. Normalization temperature is 6O”C, Q = 11.83
kcal/mole  (Table 1).

- 5  -r

In SALAD0 SALTSALAD0 SALT
2

c=7.97 x 10’110’1
WIPPWIPP 77

c=7.97 x

-0 ” = 5.09” = 5.09r -6--
*al 0 = 16.550 = 16.55
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2 -7 - -
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-8 __
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i

$
-9 --

P
-18

I
I I2 7 3 3 3 3 6 -i I.a

LOG (7) Psi

Figure 8d. Temperature-normalized estimates of steady state creep
for Salado salt, ire ezp((Q/RT)  - (Q/R333)),  versus applied stress,
r. Normalization temperature is 6O”C, Q = 16.55 kcal/mole (Table
1, File WIPP7).
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LOG  (7) Psi

Figure 8e. Power-law fits for 60°C for West Hackberry salt (Files
WHl and WH2, Table l), Bryan Mound salt (Files BM3C and
BM4C), Bayou Choctaw salt (File BCl),  and Salado salt (Files
WIPP7 and WIPPLIC).  The data points shown are temperature-
compensated, upper-bound estimates of steady state creep for Salado
salt (File WIPP4C) used for reference in earlier data analyses and
design calculations [3,4,55]. Model parameters used are listed in
Table 1.

LOG (7) psi

Figure 9. Power-law correlations of estimates of steady state creep,
;I,, for Bryan Mound sample BM113-4225  (Table B8) at different
temperatures.
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0Al84N

u3=3030  psi
T  - 2 2 %

T= 2948 PSI

. 7- 2920 PSI

8-j . : ’ : * : * : * : ’ : . i
8 .s 1 1.5 2 2.5 3 3.5

TIME hrs x lo3

Figure 10. Creep data for Salado salt subjected to r m 2900 psi
before and after creep at a higher stress [lo].

WEST HACKBERRY SALT

LOADING

n = 5.06 /’

/”

3 2 3 3 3 4 35 3 F.

LOG (7) Psi

Figure 11. Comparison of estimates of steady state creep, &,,
measured in stress increment (loading) and stress drop (unloading)
tests on West Hackberry salt (Files WH4 and WH5 in Table 1;
Tables Bl and B2). A,B,C,Drloading  data; *,+Estress  drop measure-
ments.
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T = 58’C
, ‘I’
0, =  1 . 6  x 10’0 l / S

6, =5.1 x 10-10 l / S

t=1250 psi

Figure 12. Recovery measurements on Salado salt following stress
drop and temperature change.
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Figure 13. Initial substructure of West Hackberry salt, sample
WHlO&2293.  Individual dots are individual etch pits, i.e., inter-
sections of dislocation lines with sample surface. Dark lines are
subgrain  boundaries consisting of dense dislocation arrays.

Figure 14. Initial substructure of Bryan Mound salt, sample BM107
2205.

B
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Figure 1Sa. Substructures in West Hackberry salt, sample WHlO&
2267 after laboratory testing (Table B2 and Figure C2).
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Figure 1Sb. Substructures in West Hackberry salt, sample WHlO&
2267 after laboratory testing (Table B2 and Figure C2).

Figure 15~. Substructures in West Hackberry salt, sample WHlO&
2267 after laboratory testing (Table B2 and Figure C2).
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Appendix A

Test matrices by site: West Hackberry, Bryan Mound, and Bayou Choctaw. Stresses
are defined to within f25 psi. For details see Appendix B.
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Table Al. Test Matrix for West Hackberry Salt

Nominal Nominal Temperature
Stress, 7 OC

I pi
I

60’ I 80 I
1970 X

2030 0 0
-

2400 X

2440 8

2770 0

2925 X

3010
I O I

Legend by drillhole number and depth in ft (test I.D.):
X 108-3255 (QD12AN)
0 108-3623 (QDilAN)
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Table A2. Test Matrix for Bryan Mound Salt

Nominal
Stress, 7

Nominal Temperature “C

2500 0 0

2840 0 A

2980 A 0

3220 + a0

3270 Cl

3550 0 0 !
Legend by drillhole number (test I.D.) and depth (ft):

X 107C-2506  (QF34N)
0 107C-2508  (QF35N)
+ 107C-2516  (QF20N)
A 108B-3324  (QF22AN)
0 107C-2517  (QF36AN))
0 113-4225 (QF37N)

80

0

0

0

100

1

A

3

I-~

--I
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Table A3. Test Matrix for Bayou Choctaw Salt

Nomind Nominal
Stress, r Temperature, “C

psi
60 I eo I

lSs0 X

2130

2470 / x, 1 ’ 1



Appendix B

Results of creep measurements. elb is the creep rate at the beginning of each test
stage. If stress was increased, then &b equals the secant slope to data recorded for 8 to
10 minutes beginning approximately 2 minutes after the stress change. Otherwise, I&* as
well as ii, , the creep rate towards the end of each stage, were obtained by means of
linear least-squares fits to between 15 and 60 data points.

Test QF22AN (Table B4) was performed at 500 psi confining pressure, except for
stage 2, which was carried out at 3000 psi confining pressure. The confining pressure in
all other tests was 2000 psi. It is emphasized that the change in confining pressure in test
QF22AN was effected at constant shear stress 7.

The stress values shown are true stresses: i.e., nominal stresses corrected for cross-
sectional changes of the samples.

59



Table Bl. Test Data

Origin of Salt: West Hackberry WHlO&3652.5

Test Stage
I.D. No.

QDl2AN 1

2

3

4

5

6

Time
Incr.

Ins

287

193

118

146

101

167

7 T

psi “C

1972 (t;;) 60

2435 (+-boo7) 60

2400 (z;;;) 80

2457 (z;;) 60

2925 (-+1”0”*) 60

2424 (‘8;) 60

Strain Strain Rate,
hr. 10-s a-1

% elb 61,

2.07 210.9 0.88

2.71 164.1 2.48

2.42 9.06 6.59

1.21 0.83 1.63

3.30 >70.3 6.19

1.38 0.40 2.75
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Table B2. Test Data

Origin of Salt: Weat Hackberry WI-IlOg-2267

Test Stage Time 7 T
I.D. No. Incr.

hrs psi “C

QDllAN  1 148 3010 (“;;) 60

2 104 2722 (t:;) 60

3 112 244l(f;‘,) 60

4 163 2034 (:$) 60

5 121 2028 (+;;) 80

Strain
Incr.

Strain Rate,
10-s 3-l

%% elbelb hehe

9.489.48 852.7852.7 5.965.96

0.380.38 0.540.54 1.301.30

0.070.07 0.2050.205 0.2080.208

0.0040.004 0.0030.003 0.0030.003

0.0730.073 0.1060.106 0.380.38
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Table B3. Test Data

Orfgln of Salt: Bryan Mound (BM) 107G2616

QFSON

I

I I I I I I I

Test Time Strain
I.D. Incr. Incr.

7 T

OC

Strain Rate,
10-S  3-1

hrs psi

313

311

3030 (‘ii)

3048 (z;;) 60

22 1.80

%

0.66

elb
I

he

296.4 0.212--I-1.08 0.559
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Test
I.D.

QF22AN

Table B4. Test Data

Origin of Salt: Bryan Mound (BM) 108E3324

2 ( 67 1 3051 (t;;) 1 22 ( 0.45

3 ( 120 1 2966(:;;)  1 22 ( 0.905

5 / 99 ( 2891 (zt;)  1 100 ( 4.15

6 I I101 2913 (‘f;) 60
I I

0.08

16.29 9.69

0.44 0.49

Strain Rate,
10s8 8-l

elb

109.4

he

0.92

0.41

0.27

2.37 0.87
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Table BS. Test Data

Origin of Salt: Bryan Mound (BM) 107C-2606

Test Stage Time 7 T Strain Strain Rate,
I.D. No. Incr. Incr. lo-* 3-l

hrs psi OC % elb he

QF34AN 1 700 2064 (+_‘42;1) 60.4 1.31 164.4. 0.16

2 139 3150 (:;f$) 60.2 2.39 116.2 1.10
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Table B6. Test Data

Origin of Salt: Bryan Mound (BM) 107C-2508

Test Stage Time
I.D. No. Incr.

T Strain Strain Rate,
Incr. 10-8 g-1

“C %

59.7 0.81

79.8 0.10

7

QF35N

hrs
I

psi elb

1 361 2034 (“it) 64.8 0.11

74 2037 (+;;) 0.26

79.8 0.10

59.8 0.04

59.8 0.11

80 0.24

0.27

0.185 0.06

8.41 0.074

0.56 0.24

246 2212 (“g-I--356 2983 (+;;)

59.6 0.04 0.07 0.047

59.5 1.28 73.10 0.43

9 364 2972 (‘Xi) 80 1.60 1.76 0.914

10

11

307 2977 (Z,“i)I269 3202 (2;;)

,,, 0.204 0.22

59.4 1.21A= >27.8 0.328

12

13

483 3556 (2;;) 59.4
I

0.77 204.2 0.96

137 3546 (2;;) 80 2.01

14 3 2 8  / 3546(:;;) 33.5 0.24

4.71

0.14

3.65

0.12-0.14
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Table B7. Test Data

Origin of Salt: Bryan Mound (BM) 107G2617

Test Stage
I.D. No.

QF36N la

lb

2

Time
Incr.

hrs

74

42

214

r T

psi OC

2325(+;;) 59

2356 (+-:‘) 59

3270 (z;) 59

Strain
Incr.

%

-

1.26

1.67

Strain Rate,
10-s a-1

elb he

54.14 0.281

- 0.278

331.1 0.669

66

I



Table B8. Test Data

Origfn of Salt: Bryan Mound (BM) 113-4225

Test Stage
I.D. No.

Time
Incr.

hrs

7 T Strain
Incr.

psi “C %

QF37N 1 163 2500 (z:;) 40
I I

1.96

2 144

3 50

4 97

5 404

6 147

7 95

8 193

9 53

10 114

I I
I I

2496 (“f;) 60I I 1.64

2478 (zf;) 80I I 1.48

2842 (+_27  40
I I

0.40

2830 (z;;)
I I

79.6 2.73

2844 (5;;) I I59.8 1.09

Strain Rate,
10-s 3-1

elb he

218.3 1.085

4.31 2.32

11.68 8.50

1.45 1.28

0.284 0.296

85.5 0.853

4.51 3.28

0.597 0.563
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Table B9. Test Data

Origin of Salt: Bayou Choctaw (BC) l$A-2577/2.0

Test Stage
I.D. No.

QG4N 1

2

3

4

5

6

7

8

9

10

11

12

13

Time
Incr.

hrs

480

313

44

268

66

175

305

2

266

24

145

407

91

7 T Strain Strain Rate,
Incr. lo-* 8-l

psi “C % elb he

2129 (-+;i’) 60 1.79 180.9 0.349

2135 (2:;) 80 1.27 1.67 0.816

1857 (2;;) 80 0.013 0.056 0.08

2138 (‘f;) 80 0.73 - 0.66

1834 (t;;) 80 0.015 0.073 0.046

2133 (:;I) 80 0.396 - 0.55

2139 (“it) 60 0.11 0.099 0.113

2475 (2;;) 60 0.075 >23.4 -

2152 (t:;) 60 0.064 0.058 0.068

2462 (:I;) 60 0.14 27.78 0.37

2159(+;;) 60 0.024 (0.057) 0.047

2471(“;;) 60 0.736 18.51 0.37

2151 (z;;) 60 0.03 0.01
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Appendix C

Creep records corresponding to measurements in Tables Bl-B9. The strain el denotes
greatest, natural compressive strain.

Circled offsets between test st,ages are caused by unedited, quasi-instantaneous length
changes with changes in temperatures.
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QDIEFIN
14 T

TIME hrs x lo3

Figure Cl. Creep curve for sample WHlO&3652.5  (Table Bl)
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Figure C2. Creep curve for sample WHIO&2267  (Table B2)
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RF20N

TIME hrs

Figure C3. Creep curve for sample BM107C-2516  (Table 233)

TIME hrs

Figure C4. Creep curve for sample BM108B-3324 (Table B4)
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w34N

‘T

TIME hrs x lo3

Figure CS. Creep curve for sample BM107C-2506 (Table B5)

TIME hrs x lo3

Figure C6. Creep curve for sample BM107C-2508 (Table B6)
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QF36N

TIME hrs

Figure C7. Creep curve for sample BM107C-2517 (Table B7)

QF3?N
14 T

e ,1 1 I I
0 .5 1 1 5

TIME hrs x lo3

Figure C8. Creep curve for sample BM113-4225  (Table B8)
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Figure C8. Creep curve for sample BM107G2506 (Table B9)
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Appendix D

Creep data for salt from the domes at West Hackberry and Bryan Mound that were
presented in earlier reports, SAND79-0668 and SAND80-1434 [3,4].
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Table Dl. Test Data

Origin of Salt: West Hackberry

(Data from SAND740668)

Test I.D. Stage Time Average T Strain Strain Rate,
(Sample I.D.) No. Incr. Stress, 7 Incr. 10-8 s-1

hrs psi “C % elb

CD8AN 1 475 2960 22 3.58 0.95
(6C-2243)

CDSAN’ 1 263 2900 60 1.47 7.23
(66-2225)

CDGAN 1 262 2900 22 11.16 1.19
(6C-2201)

CD7,4N* ’ 74 2890 60 4.52 5.97
(6C-2196)

l Triaxial extension test
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Table D2. Test Data

Ortgln  of SaIt:  Bryan Mound

(Data from SAND8G1434)

Test I.D. Stage
:Sample  I . D . )  N o .

(lO?EE66) 1

Time Average
hr. Stress, 7

hrs psi

410 1470

T

OC

60

Strain
Incr.

%

0.48

Strain Rate,
10-8 a-1

elb

0.252

QF12N* ’ 457 3020 60 1.87 0.91
(107A-3965)

(X%7) l 280 2990 22 1.51 2.75

lOEE4.5)  l 1 264 2990 22 1.05 1.24

l lkaxial extension test
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